Salmonella Enteritidis has developed the potential to contaminate eggs by surviving in the antimicrobial environment of the hen's egg white. This has led to a worldwide pandemic of foodborne salmonellosis infections in humans due to the consumption of contaminated eggs and egg-derived products. The molecular mechanisms of Salmonella Enteritidis egg white survival are not fully clear. Using in vivo expression technology and promoter-reporter fusions we showed that the promoter of the tolC gene, encoding the TolC outer membrane channel that is used by multidrug efflux pumps to export harmful molecules and to secrete bacterial products, is activated by egg white at the chicken body temperature. Using a Salmonella Enteritidis tolC deletion mutant we showed that TolC has an important role in egg white survival. Chromatographic separation techniques and subsequent testing of antimicrobial activities of separated egg white fractions led to the identification of ovotransferrin as the egg white antimicrobial factor which is capable of inhibiting growth of a tolC deletion strain but not the wild type strain. We provide evidence that TolC protects Salmonella Enteritidis against ovotransferrin-mediated growth inhibition in egg white.
INTRODUCTION
Eggs are crucial for the chicken reproductive cycle and must support the development of the chicken embryo for 21 d. Consequently, eggs are equipped with all the essential nutrients for this maturation process, on top of physical and chemical defense mechanisms that limit microbial invasion and multiplication (Jonchere et al., 2010) . Nevertheless, Salmonella enterica serotype Enteritidis (Salmonella Enteritidis) has developed the potential to efficiently contaminate eggs, and thus the ability to cause human foodborne infections due to the consumption of contaminated chicken eggs or egg products. It has been hypothesized that the main contamination route for Salmonella Enteritidis is through colonization of the chicken reproductive tract (Lister, 1988; Keller et al., 1995; Gast and Holt, 2000) . It is assumed that the upper oviduct is the main colonization site and that most Salmonella Enteritidis bacteria are deposited within the egg albumen C 2019 Poultry Science Association Inc. Received September 17, 2018. Accepted December 10, 2018. 1 Corresponding author: filip.vanimmerseel@ugent.be or on the egg shell membranes (Gast and Beard 1990; Humphrey et al., 1991; Keller et al., 1995; Miyamoto et al., 1997; De Buck et al., 2004) . Once deposited in the egg white, the bacteria have to cope with numerous antimicrobial components, including lysozyme, ovotransferrin, defensins, and cystatin (Qiu et al., 2012) for about 20 to 26 h, during which the shell is formed around the egg white in the uterus, at the hen's body temperature of 42
• C. Salmonella Enteritidis strains are superior to other Salmonella serotypes in tolerating these conditions (Keller et al., 1997; De Vylder et al., 2013) . Survival mechanisms exploited by Salmonella Enteritidis are still not completely understood, but roles have been attributed to lipopolysaccharides (Guard-Petter J., 2001; Parker et al., 2001; Gantois et al., 2009) , lysozyme inhibitors (Callewaert et al., 2008) , and protein and DNA damage repair mechanisms (Lu et al., 2003; Clavijo et al., 2006) .
MDR-pumps help to confer antibiotic resistance but also have a role in bacterial pathogenicity as they export host-derived antimicrobial agents and thus allow the bacteria to colonize and survive in certain hostile host niches (Piddock, 2006) . So far, nine of these pumps have been identified in Salmonella. Two of these pumps belong to the major facilitator (MFS) 2281 (EmrAB and MdfA), one to the multidrug and toxic compound extrusion (MATE) (MdtK), one to the ATP-binding cassette efflux (ABC) (MacAB) and five to the resistance-nodulation-division (RND) (AcrAB, AcrD, AcrEF, MdtABC, MdsABC) transporter family (Nishino et al., 2006) . Two pumps (MdfA and MdtK) simply span the cytoplasmic membrane, while the other seven transporters are multicomponent systems spanning both the inner and outer membrane. Except for MdsAB, which is capable of using MdsC, all multicomponent system pumps require TolC as outer membrane channel for their function (Horiyama et al., 2010) . Although TolC has been shown to be involved in survival in harmful environments (Baucheron et al., 2005) , there is no information on whether TolC is essential for survival in egg white. To elucidate the survival strategies of Salmonella Enteritidis in egg white, an in vivo expression technology (IVET)-screening was performed. We demonstrated that the tolC promoter is activated after contact with egg white and that a tolC deletion strain has decreased survival capacities in this matrix. We also showed that ovotransferrin is the antimicrobial factor activating the tolC promoter and inhibiting growth of the tolC deletion strain. TolCdependent RND-pumps were shown to be involved in counteracting ovotransferrin-mediated antibacterial effects.
MATERIALS AND METHODS

In Vivo Expression Technology (IVET)-selection in Egg White at the Chicken Body Temperature of 42
• C
To elucidate the egg white survival strategies of Salmonella Enteritidis at the chicken body temperature, a previously constructed ΔpurA/pIVET1 library was used (Gantois et al., 2008 (Gantois et al., , 2009 . IVET is a so called promoter trap technology designed to monitor global transcriptional activation in a certain ecological niche. Briefly, random genomic fragments (1-4 kb) of the Salmonella Enteritidis 147 genome were cloned into the pIVET1 suicide vector, in front of the purA/lacZY fusion construct. These constructs were then transferred by conjugation into a Salmonella Enteritidis 147 purA deficient strain, were homologous recombination at the chromosomal fragment occurred. As the auxotrophe purA deletion strain is no longer capable of surviving in purine deficient environments e.g. egg white (Gantois et al., 2009) , bacteria harboring an active promoter in front of the purA/lacZY fusion construct are positively selected in this ecological niche due to transcription of the purA gen. As most virulence genes are only expressed under specific conditions and not standard laboratory circumstances, recovered bacteria are subjected to a second selection procedure based on lacZY expression on lactose containing MacConkey agar plates. Consequently, this technology was used to identify Salmonella Enteritidis virulence factors necessary for the survival in egg white at the chicken body temperature. This library was grown for 4 h in Luria broth (LB) (Sigma-Aldrich, St Louis, MO, USA) supplemented with streptomycin (100 μg/mL) (Sigma-Aldrich), carbenicillin (50 μg/mL) (SigmaAldrich), 1.35% adenine (Sigma-Aldrich), and 0.337% thiamine (Sigma-Aldrich). Bacterial cell counts were determined by serial dilutions on LB agar plates. The library was stored at 4
• C until the next day and further diluted until 1 × 10 7 cfu/mL in Hank's buffered salt solution (HBSS) (Life Technologies, Bleiswijk, The Netherlands). The shell surface of 6 freshly (< 24 h) laid ISA brown eggs was decontaminated in lugol solution (Sigma-Aldrich), and immersed in disolol (Sigma-Aldrich). Egg albumen was aseptically separated from egg yolk, collected in a sterile recipient and mixed for 5 min using a magnetic stirrer. To check sterility of the egg albumen, 1 mL was poured into a Petri plate with Tryptone Soy Agar (TSA, Biomerieux, Marcy-l'étoile, France) and incubated for 24 h at 37
• C. To obtain a final concentration of approximately 10 6 cfu/mL egg albumen 200 μL of the library was diluted into 1,800 μL egg albumen. Suspensions were incubated at 42
• C for 24 h, diluted and plated onto lactose containing MacConkey agar plates supplemented with streptomycin, carbenicillin, adenine, and thiamine. Recovered bacteria were scraped from the plates and pooled for a second round of egg white infections to enrich for bacterial cells with high purA expression and thus cells in which an egg white-activated promoter was present upstream of the purA/lacZY fusion. After the second round of egg infections, colonies lacking lacZY expression on MacConkey agar plates were picked up and used for identification of the sequences cloned in front of the purA/lacZY fusion construct by the PCR-based method of Kwon and Ricke (Kwon and Ricke, 2000) . Finally, obtained sequences were used in a BLAST analysis against the Salmonella enterica serovar Enteritidis genome of strain P125109. Twelve independent experiments were performed in this way.
Salmonella Enteritidis tolC and RND-4 Deletion Mutants and tolC Complement Construction
Because the ΔpurA/pIVET1 library was constructed in an isogenic streptomycin resistant variant of the Salmonella enterica serotype Enteritidis phage type 4 strain 147 (147 str ), originally isolated from egg content (Methner et al., 1995) , this strain was also used for the construction of Salmonella Enteritidis 147 str ΔtolC and ΔRND-4 (acrAB, acrD, acrEF, and mdtABC were deleted one by one) strains according to the one-step Table 1 . Primers used in this study.
Primer
Sequence (5 -3 )
ATGCCTCGAGTGTGCTGCCCTGCTAGCAAT tolC-L2 TCAGGGATCCTTAGTGTGCTGTAACCCCGAC inactivation method previously described (Datsenko and Wanner 2000) . Briefly, A kanamycin resistance cassette, flanked by FRT-sites, was amplified from the pKD4 helper plasmid using P-primers ( Table 1) that had a 50 bp extension at the 5' side of the pKD4 specific primers, homologous with the flanking region of the target gene. The resulting PCR product was used for recombination on the Salmonella Enteritidis 147 str chromosome using the pKD20 helper plasmid encoding the λ Red system, promoting recombination between the native gene and PCR-adjusted antibiotic resistance cassette. Recombinant clones were selected on kanamycin containing plates and replacement of the target gene by the resistance cassette was confirmed by PCR. The deletion was P22-transduced into a new 147 str background (Gemski and Stocker, 1967) and the antibiotic resistance cassette was eliminated using the pCP20 helper plasmid (Datsenko and Wanner, 2000) , encoding the FLP-recombinase mediating recombination between the FRT-sites flanking the kanamycin resistance cassette. The targeted genes were completely deleted from start to stop codon, as confirmed by sequencing analysis. To complement the tolC gene, a BamHI-XbaI tolC fragment was amplified from the Salmonella Enteritidis 147 str wild type genome and ligated into the BamHI-XbaI digested pBBR1MCS-2 plasmid, a broad-host-range cloning vector containing kanamycin resistance that allows constitutive gene expression of the complemented gene from the lacZ promoter (Kovach et al., 1995) . The resulting recombinant plasmid was transferred into the Salmonella Enteritidis ΔtolC strain (ΔtolC/ptolC) with subsequent selection on LB plates containing kanamycin (100 μg/mL). Obtained colonies were validated by PCR using standard M13 primers for which sequences were present on the plasmid. To analyze effects of the complementation plasmid on the phenotype, the empty complementation plasmid was electroporated in the ΔtolC strain, constructing the Salmonella Enteritidis 147 strain ΔtolC/pBBR1MCS-2.
Measuring tolC Promoter Expression
The tolC promoter was amplified from the Salmonella Enteritidis 147 str wild type genome using L-primers (Table 1) integrating BamHI and Xho restriction sites at the PCR fragment. The resulting promoter fragment was ligated into the pCS26 plasmid, creating a fusion construct between the tolC promoter and the lux-CDABE genes. Plasmids were electroporated into the Salmonella Enteritidis 147 str wild type strain and transformed colonies were selected on agar plates containing kanamycin (100 μg/mL). Integration of the promoter into the pCS26 plasmid was verified by PCR and the obtained strain was designated as Salmonella Enteritidis 147 str tolC-luxCDABE. The strain was grown overnight in LB medium, centrifuged, and resuspended in sodium phosphate buffer (0.1 M; pH8) and then diluted 1/20 in either sodium phosphate buffer (0.1 M; pH8), sterile stirred egg white or 20 mg/mL ovotransferrin (SigmaAldrich) dissolved in the sodium phosphate buffer. A total of 200 μL of these suspensions was brought into a 96-well microplate and incubated at 37
• C in a FluoroScan Ascent luminometer (Labsystems, Helsinki, Finland) to measure light production, and thus tolC promoter expression, every 15 min, for 24 h. Obtained values were reduced with the background noise as seen for the Salmonella Enteritidis 147 luxCDABE strain, harboring the empty pCS26 plasmid. Three independent experiments were performed.
Egg White Survival of Salmonella Enteritidis tolC
Egg White Survival Assay Bacterial cell counts of overnight cultures of the Salmonella Enteritidis 147 str wild type, ΔtolC, ΔtolC/pBBR1MCS-2 and ΔtolC/ptolC strains were determined by serial dilutions on LB agar plates. Cultures were stored at 4
• C until the next day and further diluted to 1 × 10 5 cfu/mL in sodium phosphate buffer (0.1 M; pH8). A total of 100 μL of the bacterial suspensions was added to 900 μL of egg albumen, prepared as previously described, to obtain a final concentration of approximately 10 4 cfu/mL egg albumen. Inoculated egg albumen suspensions were incubated at 42
• C for 24 h, where after the number of surviving bacteria was determined by plating 200 μL of serial dilutions on antibiotic-supplemented LB agar plates. Four independent experiments were performed. To evaluate the viability of the mutants at 42
• C without egg white all strains were incubated for 24 h at 42
• C in tryptic soy broth (Oxoid, Basingstoke, UK).
Agar Spot Assay A total of 20 μL drops of sterile stirred egg white was spotted onto agar plates on which bacterial cultures of the Salmonella Enteritidis wild type 147 str , ΔtolC, ΔtolC/pBBR1MCS-2, ΔtolC/ptolC, and ΔRND-4 strains, with a density of 0.5 McFarland, were confluently streaked. Drops were allowed to dry and plates were incubated at 37
• C overnight. Growth or inhibition was investigated the next day. The experiment was performed 3 times.
Identification of Egg White Component with Antimicrobial Activity Against Salmonella Enteritidis tolC
Mucin free egg white was prepared according to a previously described method (Guerin-Dubiard et al., 2005) , with minor modifications. Briefly, egg white was aseptically separated from egg yolk and diluted 1 4 in distilled water. The pH was adjusted to pH6 and the egg white was stirred overnight at 4
• C. The precipitated mucins were removed the next day by centrifugation at 3,000 g, at 4
• C for 5 min. The supernatant was collected and diluted 1 2 with sodium phosphate buffer (0.1 M; pH6). The mixture was separated using a SP-sepharose cation exchanger (GE healthcare Biosciences AB, Uppsala, Sweden), and stepwise eluted with increasing concentrations of NaCl (up to 1 M). All obtained fractions were concentrated using a vivaspin 6 centrifugal concentrator (3 kDa; Sartorius Stedim Biotech GmbH, Göttingen, Germany) and used in the previously described agar spot assay. Fractions that had an inhibitory effect on the ΔtolC deletion strain were pooled and used for subsequent size exclusion chromatography on a SD75 column (GE healthcare Biosciences AB, Uppsala, Sweden). Fractions were collected, concentrated, and tested for their inhibitory activity in the agar spot assay. Fractions with antimicrobial activity against the ΔtolC deletion strain were brought on SDS-PAGE 12% gels. Proteins were visualized using Coomassie Brilliant Blue staining (SigmaAldrich, St Louis, USA). Bands were cut out of the gels, submitted to trypsin digestion and the resulting peptide mixture was analyzed by MALDI-TOF-MS analysis as described elsewhere (Vanrobaeys et al., 2003) . Both a peptide mass fingerprint and MS/MS analysis of selected peaks were used for protein identification using the Mascot algorithm (matrixscience.com). Identified proteins were used in the agar spot assay at different concentrations (5, 10, 25, 50, 100, and 200 mg/mL).
Statistical Analysis
Data were analyzed with GraphPad Prism, version 5. The mean log value ± standard error of the mean were determined based on 4 independent experiments where after a Mann-Whitney Test was used to compare the means between wild type, ΔtolC ΔtolC/pBBR1MCS-2, and ΔtolC/ptolC in the egg white survival assays.
RESULTS
IVET Selection in egg White at the Chicken Body Temperature
To search for gene promoters that are activated in egg white at the chicken body temperature and thus potentially involved in the survival of Salmonella Enteritidis in egg white, an IVET-screening was performed. This experiment showed that promoters of 62 different genes (Table 2) were activated after contact with egg white at 42
• C, but not under standard in vitro culture conditions. One of the promoters identified was the promoter of the tolC gene, which encodes for an outer membrane channel that is part of the multidrug efflux pump systems.
tolC Promoter Expression is Increased After Contact with Egg White
To confirm the activation of the promoter of the tolC gene in egg white, a luminescence measurement of the Salmonella Enteritidis 147 str tolC-luxCDABE strain was performed. This clearly showed that egg white indeed functions as a trigger for activation of the tolC promoter. The tolC promoter became activated almost immediately after contact with egg white. Maximal expression was reached after 1 h and decreased substantially from that moment until control levels (sodium phosphate buffer; 0.1 M; pH8) were reached at 10 h of incubation. The experiment was repeated three times ( Figure 1A) .
A Salmonella Enteritidis tolC Deletion Mutant is no Longer Capable of Surviving in Egg White
To study the role of the Salmonella Enteritidis tolC gene in survival in egg white, a deletion mutant, and the complemented strain were constructed and incubated for 24 h in sterile-stirred egg white at 42
• C. Bacterial cell counts of the Salmonella Enteritidis 147 str ΔtolC and ΔtolC/pBBR1MCS-2 were significantly decreased when compared to the bacterial cell counts of the wild type strain. The wild type phenotype was restored by complementation of the tolC gene, as the ΔtolC/pΔtolC 4 CFU/mL of either SE147 WT, ΔtolC, ΔtolC/pBBR1MCS-2, or ΔtolC/pΔtolC and incubated for 24 h at 42
• C. The number of surviving bacteria was determined by plating of serial dilutions on antibiotic supplemented LB plates. Data represents mean log CFU/mL of 4 independent experiments ± standard errors of the mean. Significant differences in mean log CFU/mL values are indicated with * 0.01< P < 0.05. (B) Agar spot assay. Drops of sterile-stirred egg white were spotted onto agar plates on which bacterial cultures of the Salmonella Enteritidis wild type 147 str , ΔtolC, ΔtolC/pBBR1MCS-2, ΔtolC/ptolC, and ΔRND-4 strains were confluently streaked. Drops were allowed to dry and plates were incubated overnight at 37
• C so that growth/inhibition could be investigated the next day.
strain exhibited a similar survival potential to that of the wild type strain (Figure 2A ). These data indicate that a tolC deletion strain is much more sensitive to the antimicrobial action of egg white and show the importance of TolC for survival of Salmonella Enteritidis in egg white at 42 • C. These data were also confirmed by the agar spot assay as a clear growth inhibition zone was detected at the zones where the egg white was spotted on a confluent layer of the Salmonella Enteritidis 147str ΔtolC strain, but not for the wild type or complemented strain ( Figure 2B ).
Ovotransferrin is the Egg White Component Inhibiting a tolC Deletion Strain
To identify the egg white component with antimicrobial activity against a tolC deletion strain, chromatographic separation of egg white proteins was performed. The egg white proteins were separated using cation exchange and size exclusion chromatography. The obtained fractions were tested in agar spot assays to identify the fractions with inhibitory activity. These fractions were analyzed by MALDI-TOF-MS and two proteins, ovalbumin and ovotransferrin, were identified. Both proteins (Sigma-Aldrich) were used in the agar spot assay at different concentrations. After overnight incubation at 42
• C, a clear growth inhibition zone was observed at spots where ovotransferrin was spotted on the plate streaked with the tolC deletion strain, from a concentration of 10 mg/mL onwards, while ovalbumin had no antibacterial activity. As for egg white, the phenotype was completely restored in the complemented mutant. Because the concentration of ovotransferrin in egg white is estimated to be 20 mg/mL (Sellier et al., 2007) , and because this concentration gave a clear inhibition zone in the agar spot assay against the tolC deletion strain, this concentration was used in all further experiments (Figure 3 ).
tolC Promoter Expression is Increased After Contact with Ovotransferrin
To evaluate whether ovotransferrin was responsible for the increase in tolC promoter activation when Salmonella was incubated in egg white, tolC promoter activation was measured after contact with ovotransferrin using the Salmonella Enteritidis tolC-luxCDABE strain. As shown in Figure 1B , 20 mg/mL ovotransferrin induced tolC promoter activity immediately after contact with ovotransferrin. As these results are similar to those observed in egg white we could postulate that ovotransferrin is (one of) the egg white component(s) inducing tolC promoter activation in egg white. Reported values represent 1 experiment, but replicas displayed similar results ( Figure 1B) 
DISCUSSION
In the current study, we demonstrate that the tolC promoter is activated after contact with egg white and that a tolC deletion strain is impaired for its survival in egg white. Additionally, chromatographic separation of egg white revealed that ovotransferrin was the responsible molecule activating the tolC promoter and inhibiting a tolC deletion strain.
Ovotransferrin is the second major egg white protein as it accounts for about 13% of the total protein content (Guerin-Dubiard et al., 2005) . The protein consists of two subdomains, capable of binding two iron ions, which thus limits the amount of free iron and subsequently inhibits bacterial growth. Iron chelating antimicrobial activities of ovotransferrin have been demonstrated against a variety of bacteria, including Salmonella Enteritidis (Chart and Rowe, 1993) . Baron et al. (1997) showed that iron deficiency, resulting from iron binding to ovotransferrin, was the major mechanism implicated in the inhibition of the growth of Salmonella Enteritidis in egg white (Baron et al., 1997) . Additionally, Chart and Rowe (1993) demonstrated a delay in growth rate of Salmonella Enteritidis when incubated in TSB with ovotransferrin in comparison to non-supplemented medium (Chart and Rowe, 1993) . The authors attributed the delay in growth rate to the adaptations necessary for growth in an iron-restricted environment. It has been shown that in response to iron deficiency, Salmonella enterica secretes a variety of powerful and selective iron chelators, called siderophores, such as enterobactin and salmochelin (Crouch et al., 2008) . While the outer membrane transporter for salmochelin still needs to be identified, Bleuel et al. (2005) demonstrated that the TolC outer membrane channel is necessary for transport of enterobactin in E. coli (Bleuel et al., 2005) . Thus, it seems plausible that under iron limiting conditions, caused by ovotransferrin, a Salmonella Enteritidis tolC mutant could have difficulties obtaining iron and thus maintaining growth. Here, we show that a Salmonella Enteritidis strain lacking the four TolC-dependent RND-pumps is inhibited by ovotransferrin, suggesting it is involved in the competition for available iron with ovotransferrin by exporting siderophores through the TolC membrane channel. This way Salmonella Enteritidis would be able to withstand the iron-depriving effects of egg white. The presence and function of the TolC outer membrane channel, however, is not restricted to egg-contaminating serotypes and thus does not provide an explanation to why Enteritidis is superior in surviving egg white.
Multidrug efflux pumps have been shown to be involved in exporting antibacterial peptides from host environments. All nine multidrug efflux pumps of Salmonella have been implicated in drug resistance (Nishino et al., 2006) , but the efflux of antibiotics from the bacterial cell is most likely a side-effect of their physiological role (Piddock, 2006) . It has been shown that efflux pumps export bile salts (Elkins and Mullis 2006) , steroid hormones (Thanassi et al., 1997) , and other host-derived antimicrobial agents in order to allow the bacteria to survive in a certain ecological niches. Delgado et al. (1999) , for example demonstrated the importance of the E. coli TolC outer membrane channel in the resistance to exogenous microcin J25, an antibacterial peptide active against E.coli, Salmonella, and Shigella (Delgado et al., 1999) . Moreover, evidence suggest that in Salmonella Typhimurium, TolC seems to be involved in the resistance against a large number of chemical compounds (Yamasaki et al., 2016) .
In summary, we provide evidence that the outer membrane channel TolC is necessary for the survival of Salmonella Enteritidis in egg white and this is most likely related to the function of RND multidrug efflux pump systems.
